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same 



(57) A magnetic sensor is constructed to be capable 
of detecting the change of tunnel cunent due to co-tun- 
neling effect at a high S/N ratio by using a tunneling 
magnetoresistive element having a first magnetic layer 
(210) of a soft magnetic material formed on a flat sub- 
strate (11), first and second tunnel barrier layers (310. 
311. 125) formed on the first magnetic layer, magnetic 
particles (110. 120) of a ferromagnetic material pro- 
vided between the first and second tunnel barrier layers, 
and a second magnetic layer (211) of a soft magnetic 
material formed on the second tunnel barrier layer so as 
to create tunneling junctions. 
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Description 

BACKGROUND OF THE INVENTION 

10001] The present Invention relates to a tunneling 
magnetoresistive element, and a magnetic sensor using 
the same. 

[0002] A remarkable magnetoreslstance effect is 
caused in a small double junction system, and a tun- 
neling magnetoresistive element (TMR) of the small 
double junction type is proposed according to a known 
example 1 (K. Ono. Hiroshi Simada, and >buiti Ootuka 
"Journal of the Physical Valve Effect and Magneto-Cou- 
lomb Oscillations." Journal of the Physical Society of 
Japan, vol. 66. no. 5, May 1997. pp. 1261-1264). 
[0003] Figs. 1 2 A and 12B show the conventional tun- 
neling magnetoresistive element of the known example 
1. Fig. 12A is a plan view, and Fig. 12B is a cross-sec- 
tional front view. As shown in Figs. 12A and 12B. soft 
magnetic layers (electrodes) 200. 201 of Ni are formed 
on the surface of an insulating layer 10. In addition, tun- 
nel barrier layers (oxide film barriers) 300. 301 are 
deposited on the soft magnetic layers 200, 201, respec- 
tively. A ferromagnetic layer (island) 100 of Co is also 
formed between the soft magnetic layers 200, 201. 
[0004] When a voltage V is applied between the soft 
magnetic layers 200. 201 of this tunneling magnetore- 
sistive element, electrons are injected into one soft 
magnetic layer 200, tunneling the tunnel barrier layer 
300. Thus, a cun-ent path is formed which reaches the 
other soft magnetic layer 20t through the ferromagnetic 
layer 100 and tunnel barrier layer 301. The current 
along this path of electrons is called tunneling current I, 
This system is a double junction system since it 
includes two tunnel banrier layers 300, 301 . 
[0005] There is another known example 2 (D. V Averin 
and VU. V Nazarov. "Single Charge Tunneling-Coulomb 
Blockade Phenomena in Nanostructures." ed. Hermann 
Grabert and Michel H. Devoret. Plenum Press New 
York. 1992. Chap. 6. pp. 217-247). As described in this 
example, when the conductance property of the small 
double junction system of this element is measured with 
the bias voltage V fixed to about zero, the classic tun- 
nelmg current I does not appear due to Coulomb block- 
ade effect. If the voltage region in which the classic 
tunneling current I does not appear is called blockade 
region, the classic tunneling current I exists out of the 
blockade region, and is substantially proportional to the 
voltage V. In other words, when the bias voltage V is 
smaller than a voltage Vc (V<Vc) which separates the 
blockade region from the outside, or when it is within the 
blockage region, the l-V characteristic of the small dou- 
ble junction can be expressed by the following equation. 



blockade region, the l-V characteristic of the small dou- 
ble junction can be expressed by the following equation. 



I oc v/{R1 + R2) 



(2) 
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[0007] Where R1 . R2 is the tunnel resistance. 
[0008] Even within the blockade region, a tunneling 
current due to the higher-order term from the viewpoint 
of quantum mechanics is observed, and this tunneling 
current I can be expressed by the following equation. 



I oc {e^V^ + (27tkT)^V}/(Rl X R2) 



(3) 



I oc 0 



(1) 



[0006] In addition, when the bias voltage V is larger 
than the voltage Vc (V>Vc). or when it is out of the 



[0009] Where e is the electric charge of an electron 
T5 and k is the Boltzmann constant. 

[0010] This tunneling current I is also called current 
due to co-tunneling. As will be seen from the above 
equation (3). if the voltage V is constant, the tunneling 
current I is reversely proportional to the product of the 
20 tunnel resistances R1. R2. In addition, the tunneling 
current I includes the term proportional to the voltage V 
and the term proportional to the cube of the voltage V 
[0011] The cun'ent I due to co-tunneling effect is 
always present within and out of the blockade region 
25 However, out of the blockade region, the current due to 
co-tunneling effect is negligibly small as compared with 
the classic tunneling current. Within the btockade 
region, since the classic tunneling current associated 
with the 0-order term is zero (suppressed), the tunneling 
30 current due to co-tunneling effect associated with high- 
order terms is chiefly observed. 
[001 2] The tunnel resistances Rl , R2 change depend- 
ing on the direction in which the magnetization of the 
fenromagnetic layer 100 is oriented with respect to the 
35 magnetization of the soft magnetic layers 200, 201. In 
other words, the conduction electron spin within the soft 
magnetic layers 200, 201 of Ni is affected even by an 
external weak magnetic field, and thus the spin direction 
IS easily changed. The ferromagnetic layer too of Co 
40 does not easily follow the external weak magnetic field. 
As a result, the external magnetic field ads to switch the 
case In which the magnetization of electrons within the 
soft magnetic layers 200. 201 and the magnetization 
within the fen-omagnetic layer 100 are parallel and the 
45 case in which those are antiparallel to each other. Con- 
sequently, the tunneling rate in the path from the soft 
magnetic layer 200. 201 to the ferromagnetic layer 100 
or from the ferromagnetic layer to the soft magnetic 
layer 200. 201 is changed, so that the tunnel resist- 
so ances Rl . R2 are changed by the variation of the exter- 
nal magnetic field. The effect that the tunnel resistances 
Rl. R2 are changed by the external magnetic field is 
called tunneling magnetoreslstance effect. In the tun- 
neling magnetoresistive element shown in Figs. 12A 
55 and 12B. a change of tunneling current due to the tun- 
neling magnetoresistance effect is observed when the 
external magnetic field is changed. 
[0013] According to the above-given equations (1) to 
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(3). the tunneling current I due to the co-tunneling effect, 
which is observed within the blockade region, is 
reversely proportional to the product of the tunnel resist- 
ances R1 and R2. but the classic tunneling current I 
observed out of the blockade region is only reversely 5 
proportional to the sum of the resistances R1 and R2. 
Accordingly, when the bias voltage V is constant the 
tunneling current within the blockade region is more 
changed by the variation of the external magnetic field 
than that out of the blockade region. In other words, the 10 
change of the resistance R of the whole small double 
junction specified by the ratio of the voltage V and tun- 
neling cun-ent I due to the variation of the magnetic field 
is more increased, or enhanced within the blockade 
region. That is, the change of the individual tunnel 15 
resistance R1 , R2 within the blockade is the same as 
out of the blockade, while the resistance R of the whole 
small double junction is observed to be changed, mak- 
ing the current due to the co-tunneling effect be more 
changed. This effect can be ascribed to the high-order 20 
terms of the tunneling phenomenon. Particularly, this 
effect is formed by a mechanism different from the tun- 
neling magnetoresistance effect that is implicitly associ- - 
ated only with 0-order term. However, since this 
phenomenon due to the co-tunneling effect is due to 25 
part of the whole tunneling phenomenon, this phenom- 
enon is here called the enhancement of magnetoresist- 
ance effect based on the co-tunneling effect. 
[0014] Since the tunneling magnetoresistive element 
of small double junction type shown in Figs, 12A and 30 
12B has its magnetoresistance effect resulting from the 
co-tunneling effect, it must be effectively operated as a 
single electron device. However, according to the known 
example 1. the tunneling magnetoresistive element was 
only operated at a very low temperature of about 20 mK. 35 
Moreover, according to the known example 1 . the size 
of the ferromagnetic layer 100 is 150 nm x 2500 nm. 
The size of the fen-omagnetlc layer 100 is required to be 
5 X 5 nm or below in order to operate at room tempera- 
ture. Thus, since the request for the operation at room 40 
temperature is very difficult to be accepted by the prior 
art. it is necessary to greatly reduce the size of ferro- 
magnetic layer 100 by a fine working process which is 
impossible in the prior art. 

[(K)1 5] In addition, the tunneling magnetoresistive ele- 45 
ment of small double junction type has an impedance 
higher than the conventional magnetoresistance (MR) 
effect element and giant magnetoresistance (GMR) 
effect element. The reason is that the tunnel resistance 
is required to be much larger than the quantum resist- so 
ance RK (about 25.8 n) in order to draw the Coulomb 
blockade effect. Thus, it is necessary that the tunneling 
magnetoresistive element be avoided from having the 
high impedance. If the tunneling magnetoresistive ele- 
ment cannot be fully avoided from the high impedance, ss 
a signal detection method different from the conven- 
tional one is necessary to use in order to improve the 
S/N ratio. 



SUMMARY OF THE INVENTION 



[0016] It is an object of the invention to provide the 
multi-tunneling-junction. tunneling magnetoresistive 
element, magnetic sensor and magnetic recording sen- 
sor head which can be operated at room temperatures, 
thus solving the above problems. 
[001 7] It is another object of the invention to provide a 
magnetic sensor, and magnetic recording sensor head 
which can detect change of tunneling current at a high 
S/N ratio. 

[0018] In order to achieve these objects, according to 
the present invention, a first magnetic layer made of one 
of a soft magnetic material and a ferromagnetic material 
is formed on a flat substrate. First and second tunnel 
barrier layers are deposited on the first magnetic layer. 
A magnetic particle made of the other one of the soft 
magnetic material and the ferromagnetic material is pro- 
vided between the first and second tunnel barrier layers. 
Then, a second magnetic layer made of the one of the 
soft magnetic material and the fen-omagnetic material is 
formed on the second tunnel ban-ier layer. 
[0019] In this case, the capacitance of the magnetic 
particles is selected to be 10 aF or below. 
[0020] The magnetic particle is made a colloidal par- 
ticle. 

[0021] Both dielectric material and ferromagnetic 
material are simultaneously sputtered as targets to 
deposit a composite film. Then, the composite film is 
heated to form the first and second tunnel barrier layers 
and the magnetic particles. 

[0022] The magnetic particle is a plurality of particles: 
[0023] The tunneling magnetoresistive element is 
formed by the multi-tunneling-junction. . 
[0024] A bias voltage is applied to the magnetic sen- 
sor using the tunneling magnetoresistive element in 
order to bring the operating point into the blockade 
region of the multi-tunneling-junction. 
[0025] An AC voltage source for applying an AC volt- 
age tjetween the first and second magnetic layers is 
provided in the magnetic sensor using the tunneling 
magnetoresistive element. In acWition, a high-pass filter 
is provided in the magnetic sensor in order to produce 
only the harmonic components including the second 
harmonic or above of the current response to the AC 
voltage. 

[0026] Moreover, the magnetic sensor is used in the 
magnetic recording sensor head. 

BRIEF DESCRIPTION OF THE DRAWINGS 
[0027] 

Fig. 1 is a cross-sectional view of a tunneling mag- 
netoresistive element having a multi-tunneling-junc- 
tion according to the present invention. 
Figs. 2A and 28 are diagrams to which reference is 
made in explaining a manufacturing process for the 
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tunneling magnetoresistive element shown in Fig. 
1. 

Rgs. 3A and 3B are diagrams to which reference Is 
made in explaining a manufacturing process for the 
tunneling magnetoresistive element shown in Fig 
1. 

Rgs. 4A and 4B are diagrams to which reference is 
made in explaining a manufacturing process for the 
tunneling magnetoresistive element shown in Fig 
1. 

Fig. 5 is a diagram to which reference Is made in 
explaining a manufacturing process for the tun- 
neling magnetoresistive element shown in Fig. i. 
Figs. 6A and 6B are diagrams to which reference is 
made in explaining a manufacturing process for the 
tunneling magnetoresistive element shown In Fia 
1. ^ 

Fig. 7 is a cross-sectional view of another tunneling 
magnetoresistive element having a multi-tunneling- 
junction according to the present invention. 
Fig. 8 Is a cross-sectional view of part of the tun- 
neling magnetoresistive element shown in Fig. 7. 
Rgs. 9A and 9B are diagrams to which reference is 
made in explaining a manufacturing process for the 
tunneling magnetoresistive element shown in Fig. 

Rgs. 10A and 10B are diagrams to which reference 
is made in explaining a manufacturing process for 
the tunneling magnetoresistive element shown in 
Rg. 7. 

Rg. 1 1 is a diagram showing a detection circuit sys- 
tem of the magnetic sensor according to the inven- 
tion. 

Rgs. 12A and 12B are diagrams showing a conven- 
tional tunneling magnetoresistive element. 

DESCRIPTION OF THE PREFERRED EMBGDI- 
MENTS 



[0028] Fig. 1 is a cross-sectional view of a tunneling 4o 
magnetoresistive element having multi-tunneling-junc- 
tion according to the present invention. As illustrated, a 
first soft magnetic layer (base electrode) 210 of a soft 
magnetic material Is deposited on a substrate 11 of an 
insulating layer. An insulating layer 350 is deposited on 4s 
the substrate 11 and soft magnetic layer 210. First and 
second tunnel barrier layers 310. 31 1 of a dielectric thin 
film are formed on the soft magnetic layer 210 in a 
region sun^ounded by the insulating layer 350. Ferro- 
magnetic particles 11 0 of 1 0 nm or below in particle size so 
are provided between the tunnel barrier layers 310 and 
31 1 . A second soft magnetic layer (top electrode) 21 1 of 
a soft magnetic material is deposited on the tunnel bar- 
rier layer 311. Thus, the multi-tunneling-junctions (small 
double junctions) are formed by the soft magnetic layer 55 
210, tunnel barrier layer 310, ferromagnetic particles 
110, tunnel barrier layer 311, and soft magnetic layer 
211. 
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[0029] A manufacturing method for the tunneling mag- 
netoresistive element of multi-tunneling-junctions 
shown in Fig. 1 will be described with reference to Figs 
2to6. 

[0030] First, as shown in Rgs. 2A and 28 (Fig. 2B is a 
cross-sectional view taken along a line A-A in Fig. 2A), 
the soft magnetic layer 210 is deposited on the sub- 
strate 1 1 by photolithography and vacuum evaporation. 
In this case, the substrate 1 1 may be an SD2 film of 400 
nm or above in thickness formed on an Si substrate by 
thermal oxidation. The soft magnetic layer 210 may be 
an NiFe film, permalloy film or Fe-AI-Si film of about 10 
nm in thickness. 

[0031] As shown in Figs. 3A and 3B (Fig. 3B is a 
cross-sectional view taken along a line B-B in Fig. 3A), 
the insulating layer 350 is deposited on the substrate 1 1 
and soft magnetic layer 210. In this case, the insulating 
layer 350 has windows provided for a device creating 
portion 354 at the center and bond pad creating por- 
tions 352 on the left and right sides. 
[0032] As shown in Figs. 4A and 4B (Fig. 4B is a 
cross-sectional view taken along a line C-C in Fig. 4A), 
the tunnel barrier layer 310 is formed only in the window 
for the device creating portion 354. in this case, the tun- 
nel barrier layer 31 0 may be a dielectric thin film such as 
an aluminum oxide AI-0 layer of about 1 nm deposited 
by sputtering an aluminum oxide target Then, a single- 
layer of ferromagnetic particles 1 1 0 of 1 0 nm or below in 
particle size is deposited on the surface of the tunnel 
barrier layer 310. In this case, the ferromagnetic parti- 
cles 110 are cobalt particles contained in a colloidal 
solution prepared according to the process described in 
a known example 3 (J. R. Thomas, "Preparation and 
Magnetic Properties of Colloidal Cobalt Particles," Jour- 
nal of Applied Physics vol. 37. 2914 (1966)). In other 
words, the substrate with the tunnel barrier layer 310 
just now formed is immersed into the colloidal solution 
which contains cobalt particles of about 8 nm in diame- 
ter covered by the surfactant of polymer molecules, so 
that only a single layer of ferromagnetic particles 110 
(cobalt particles) is deposited on the tunnel barrier layer 
310. The time in which the substrate is immersed in the 
solution is about 24 hours, and during this time, a static 
magnetic field Hq is kept applied to the substrate in par- 
allel to the substrate surface. Thus, the soft magnetic 
layer 210 in the static magnetic field Hq parallel to the 
substrate is magnetized in the direction of static mag- 
netic field Hq. However, the surface of the soft magnetic 
layer 210 formed by sputtering has the roughness of 
manometer scale as shown in Fig. 5. The soft magnetic 
material has originally a high permeability. The pres- 
ence of this roughness causes magnetic poles 312. 
Thus, a stray field is distributed in the region close to the 
surface of the soft magnetic layer 210. Since the tunnel 
barrier layer 310 is thin enough, the stray field can be 
considered to leak out on the tunnel barrier layer 310. 
The ferromagnetic particles 110 are magnetized in the 
direction determined by each crystal orientation. The 
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ferromagnetic particles 110 themselves reach the tun- 
nel barrier layer 310 while making rotation and Brown- 
ian motion. Thus, the magnetic moments o1 the 
ferromagnetic particles 110 are not always directed in a 
constant direction. However, after arriving on the sur- 
face of the tunnel barrier layer 310. the ferromagnetic 
particles 1 10 are attracted by van der Waals force from 
the tunnel barrier layer 310, and at the same time, sub- 
jected to a force of repulsion from the tunnel barrier 
layer 310 by steric hindrance effect of the surfactant 
molecules which cover the ferromagnetic particles 1 10 
(cobalt particles). Therefore, the ferromagnetic particles 
1 10 are not strongly restricted to the surface of the tun- 
nel barrier layer 310. The ferromagnetic particles 110 
can move around on the surface of the tunnel barrier 
layer 310. When the ferromagnetic particles 110 reach 
the place where the stray field from the nruignetic poles 
312 is present while moving around on the surface of 
the tunnel barrier layer 310, the magnetization direc- 
tions of the ferromagnetic particles are made coincident 
with the direction of the stray field. Thus, the ferromag- 
. netic particles 1 10 are fixed on the surface of the tunnel 
barrier layer 310. It is here important that the magneti- 
zation directions of the ferromagnetic particles 110 be 
kept in parallel to the surface of the tunnel barrier layer 
310 when f ixed to the surface of the tunnel barrier layer 
310. According to the method of fixing the fen-omagnetlc 
particles 110, the distribution and density of the ferro- 
magnetic,,particles 110 are determined by the distribu- 
tion of the magnetic poles 312 due to the roughness of 
the surface of the soft magnetic layer 210. Conse- 
quently, the ferromagnetic particles 110 are uniformly 
deposited over the entire device creating portion 354 
with a spacing of about 20 nm on the average. After the 
ferromagrietic particles 1 10 are fixed, the solvent of the 
colloidal solution is removed. 

[0033] As shown in Figs. 6A and 6B (Fig. 6B' is a 
cross-sectional view taken along a line D-D in Fig. 6A). 
the substrate with the ferromagnetic particles 110 
attached is subjected to oxygen plasma ashing, so that 
the surfactant molecules are removed from the surface 
of the ferromagnetic particles 110 (cobalt particles). 
Then, the tunnel barrier layer 31 1 is formed by the same 
method as is the tunnel barrier layer 310. Also, the soft 
magnetic layer 21 1 is deposited. In this case, the soft 
magnetic layer 211 may bean N I- Fe film or Fe-AI-Sifilm 
of about 10 nm. Lead wires (not shown) are bonded to 
the soft magnetic layers 210 and 21 1 , and the device is 
connected to the external circuit through the lead wires. 
[0034] Here, the size of the ferromagnetic particles 
110 is the important parameter. In other words, most 
particles of ferromagnetic materials lose coercive force 
and exhibit super paramagnetism at room temperature 
when their diameter Is 3 nm or below. The metal parti- 
cles of 10 nm or below have a capacitance of about 1 aF 
(10"^ ®F). The charging energy calculated from this 
capacitance is about 100 meV. which is much larger 
than the thermal exciting energy 25 meV at room tem- 



perature. Therefore, in order to obtain the Coulomb 
blockade effect at room temperature, it is necessary to 
make the diameter of the fen-omagnetlc particles 110 
equal to or less than 10 nm. Thus, for the purpose of 
5 maintaining coercive force, it is required to use ferro- 
magnetic particles 110 of a certain size or above, and 
for observing the Coulomb blockade effect at room tem- 
perature, it is necessary to use the ferromagnetic parti- 
cles of much small size. That is, the size of the 
JO ferromagnetic particles 1 10 must be selected to satisfy 
both conditions. 

[0035] In this tunneling magnetoresistive element, a 
multi-tunneling-junction is formed through each of the 
ferromagnetic particles 110 interposed between the 
15 tunnel barrier layers 310, 311 which are formed 
^ between the soft magnetic layers 210. 21 1 . Thus, since 
there are a large number of ferromagnetic particles 110, 
many multi-tunneling-junctions in parallel connect the 
soft magnetic layers 210,211. 
20 [0036] In addition, considering only one of many multi- 
tunneling-junctions present between the soft magnetic 
layers 210, 211. it is assumed that a positive voltage V 
relative to the soft magnetic layer 210 is applied to the 
soft magnetic layer 21 1 . In this case, it is inrportant if 
25 this voltage is the voltage within or out of the blockade 
region which the multi-tunneling-junction of interest has. 
-If this voltage is out of the blockade region, electrons are 
injected into the ferromagnetic particle 1 10 through the 
tunnel passing the tunnel barrier layer 310 from the soft 
30 magnetic layer 210. Then, electrons are discharged 
from the fenromagnetic particles 110 to the soft mag- 
netic layer 21 1 through the tunnel passing the tunnel 
barrier layer 31 1 . Chiefly, single electron tunnel current 
formed of classic tunnel current flows. If the voltage V is 
35 within the blockade region, the classic tunnel current is 
suppressed, and chiefly the tunnel current due to co- 
tuhneling effect is observed. 

[0037] In addition, the soft magnetic layers 21. 211 
can be easily magnetized to be inverted by an external 
40 field parallel to the film surface. The ferromagnetic par- 
ticles '110 do not easily follow the external filed since 
they have fixed magnetization in the crystal structure. 
The magnetizations of the ferromagnetic particles 110. 
and soft magnetic layers 210, 211 (the magnetizations 
45 of each magnetic layer) have a different response to the 
external field, thus giving rise to the tunneling magne- 
toresistance effect. In other words, as the ferromagnetic 
particles 110 and soft magnetic layers 21. 21 1 change 
their magnetization directions, the tunnel resistances 
50 R1. R2 of the tunnel barrier layers 310, 311 change 
according to the change of the magnetization direction. 
As a result, the tunnel current 1 flowing in the multi-tun- 
neling-junctions changes. The tunneling magnetoreslst- 
ance effect of multi-tunneling-junction depends on 
55 whether the bias voltage V is within or out of the block- 
ade region. If it is within the blockade region, the effect 
is enhanced by co-tunneling. In the tunneling magne- 
toresistive element of multi-tunneling-junction shown in 
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Fig, 1 . since the diameter of the ferromagnetic particles 
is 10 nm or below, a remarkable Coulomb blockade 
effect can be produced at room temperature. H a voltage 
within the blockade region is applied at room tempera- 
ture, a tunnel current due to co-tunneling effect is 5 
observed. Thus, the tunnel resistances R1. R2 can be 
detected. Therefore, the tunneling magnetoresistive 
element can be operated at room temperature. 
[0038] The above description Is about one muiti-tun- 
neling-junction. Since a great number of fen-omagnetic 10 
particles 1 1 0 are present between the soft magnetic lay- 
ers 210. 211. many multi-tunneling-junctlons are 
formed. The ferromagnetic particles 1 10 have a uniform 
diameter. In addition, if both tunnel barrier layers 310. 
3 1 1 have a uniform film thickness, the characteristics of is 
a large number of multl-tunneling-junctions are uniform. 
As a result, a great number of multi-tunneling-junctlons 
with uniform characteristics are connected in parallel 
between the soft magnetic layers 210. 211. Moreover, 
since the fen^omagnetic particles 1 10 are provided with 20 
a spacing of about 20 nm, the mutual action among the 
multl-tunneling-junctions can be neglected, or the indi- 
vidual multl-tunneling-junctions are independently oper- 
ated. Therefore, the observed resistance values 
between the soft magnetic layers 210. 21 1 correspond 2S 
to the parallel connection of those independent multi- 
tunneling-junctlons of uniform characteristics. If the win- 
dow region of the device creating portion 354 is of a 
square shape of about 2 ^m for each side, the number 
of multi-tunneling-junctions is 10000 or above. The 30 
observed resistance value between the soft magnetic 
layers 210, 21 1 1s reduced to about 1/1 000 that of a sin- 
gle multi-tunneling-junction. In addition, since the char- 
acteristics of the multi-tunneling-junctions are uniform, 
the tunneling nriagnetoresistance effect due to co-tun- 35 
neling effect at all multi-tunneling-junctions can be 
enhanced because the bias voltage within the blockade 
region is applied to the other multi-tunneling-junctions if 
the voltage V to a certain multi-tunneling-junction is set 
within the blockade region. 40 
[0039] Fig. 7 is a cross-sectional view of another tun- 
neling magnetoresistive element having multi-tunneling- 
junction according to tiie invention. Fig. 8 is a detailed 
diagram of part of the structure shown in Fig. 7. As illus- 
trated, the soft magnetic layer 210 is deposited on the 45 
substrate 1 1 of an insulating layer. A matrix 125 of alu- 
minum oxide and of about 8 nm in thickness b is formed 
on the soft magnetic layer 210. In the matrix 125, there 
are dispersively provided cobalt particles 120 of about 6 
nm in diameter a as magnetic particles. The soft mag- so 
netic layer 21 1 is deposited on the matrix 125. 
[0040] A manufacturing process for the tunneling 
magnetoresistive element shown in Figs. 7 and 8 will be 
described with reference to Figs. 9A. 9B. 10 A and 10B. 
First, as shown in Figs. 9A and 9B (Fig. 98 is a cross- ss 
sectional view taken along a line E-E in Fig. 9A). the soft 
magnetic layer 210 is deposited on the substrate 1 1 by 
photolithography and vacuum evaporation. Then, alumi- 



num oxide as a dielectric material and cobalt as a ferro- 
magnetic material are simultaneously sputtered as 
targets to form a composite film of about 8 nm in thick- 
ness on the soft magnetic layer 210. A pattern of com- 
posite film is formed by lithography, and then the 
composite is heated to form the matrix 125 with cobalt 
particles 120 dispersed. As shown in Figs. 1 0A and 108 
(Fig. 108 is a cross-sectional view taken along a line F- 
F in Fig. 10A), the soft magnetic layer 21 1 having a pat- 
tern is formed by sputtering and photolithography 
Thereafter, lead wires (not shown) are bonded to the 
soft magnetic layers 210, 211, and this device is con- 
nected to an external circuit. 

[0041] In the tunneling magnetoresistive element of 
multi-tunneling-junction shown in Fig. 7, the surfaces of 
the cobalt particles 120 are separated about 1 nm from 
the soft magnetic layer 21 0 or 21 1 . Thus, the mab-ix 125 
present between the cobalt particle 120 and the soft 
nnagnetlc particle 210 or 21 1 acts as a first or second 
tunnel barrier layer, making it possible for electrons to 
tunnel from the soft magnetic layer 210. 211 to the 
cobalt particles 120. In addition, since the thickness b of 
tiie matrix 125 is about 8 nm. only a single layer of 
cobalt particles 120 can exist between the soft magnetic 
layers 210. 211. Thus, since the path of tunnel to the 
cobalt particles 1 20 is only the patii to the soft magnetic 
layer 210. 21 1 . the multi-tunneling-junctions are formed. 
In addition, since the cobalt particles 120 are deposited 
at intervals of about 20 nm on the average, the individ- 
ual multi-tunneling-junctions can be considered to inde- 
pendently operate. In the tunneling magnetoresistive 
element of multi-tunneling-junction shown in Fig. 7, it Is 
possible to easily form the first and second tunnel bar- 
rier layers of matrix 125, and the magnetic particles of 
cobalt particles 120. 

[0042] As a dielectric material, silicon dioxide SIO2 
can be used instead of aluminum oxide. As a ferromag- 
netic material, iron or other alloys can be used in place 
of cobalt. 

[0043] The tunneling magnetoresistive elements 
shown in Figs. 1 and 7 can be operated as magnetic 
sensors by applying the voltage V associated with the 
inside of the blockade region of multi-tunneling-junction 
to the soft magnetic layers 210. 21 1 . and monitoring tiie 
change of tunnel current I to the magnetic field. They 
can also be operated as magnetic sensors by fixing the 
tunnel current I and monitoring the voltage V developed 
between the soft magnetic layers 210, 21 1 . In this case. 
It is necessary to set the current bias I so that the gen- 
erated voltage V stays within the blockade region. 
These magnetic sensors can also be used for magnetic 
recording sensor heads. In either case, the change of 
magnetic field is detected as the change of resistance R 
between the soft magnetic layers 210. 211. According to 
the experiments by tiie inventors, the observed resist- 
ance value R across the terminals was about several 
hundreds ka In addition, the resistance R across the 
terminals was the maximum In the magnetic filed of 
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about 100 Oe. The difference AR(=R-Rm) between 
the resistance R across the terminals and the minimum 
resistance Rm across the terminals in the externa! field 
of 1 kOe or above was about 100 kn. The ratio of the dif- 
ference AR to the minimum resistance Rm across the 5 
terminals, AR/Rm reached 40%. The change of the volt- 
age V across the terminals was about 20 ^V. 
[0044] Let us consider that the relation between the 
external field and the tunnel current I is measured when 
a higher voltage V out of the blockade region is applied 10 
to the magnetic sensor using the tunneling magnetore- 
sistive element shown in Fig. 1 -or 7. As is evident from 
the equation (3), the tunnel cun'ent I includes two com- 
ponents: a component proportional to the voltage V, and 
a component proportional to the cube of the voltage V. is 
In addition, the classic tunnel current, and the current of 
electrons p>assing through the element across the tun- 
nel ban-ier layers by thermal excitation alt include only 
the component proportional to the voltage V. Therefore, 
if only the component proportional to the cube of the 20 
voltage V can be detected even under the application of 
a higher voltage out of the blockade region, it is possible 
to detect only the component due to the co-tunneling 
effect, or the enhanced tunneling magnetoresistance 
effect, and to remove the other current components not 25 
enhanced,^ 

[0045] Fig. 11 is a diagram showing a detection circuit 
system of a magnetic sensor according to the invention. 
As illustrated, an AC voltage source 500 of frequency f 
and voltage V (f) is connected to the soft magnetic layer 30 
21 1 , a cun;ent detection amplifier 510 connected to the 
soft magnetic layer 21 0, and a high-pass filter 520 to the 
cun-ent detection amplifier 510. 
[0046] In the detection circuit system of this magnetic 
sensor, the tunnel cun-ent I (f. 3f) (element current) 35 
changes when an external field H is changed. The tun- 
nel current I (f, 3f) contains a component of frequency 3f 
due to the term proportional to the cube of the voltage V. . 
and a component of frequency f. However, the output 
from the current detection amplifier 510 is supplied to 40 
the high-pass filter 520. and a signal Vq (3f) having only 
the frequency 3f component is produced by the fre- 
quency discriminalion. Thus, the circuit system 
removes the frequency f component containing the sig- 
nal component in which the tunneling magnetoresist- 45 
ance effect is not enhanced. In addition, if the response 
of the frequency 3f component to the change of external 
field H is treated as a sensor signal, a larger signal com- 
ponent is generated by the higher voltage V out of the 
blockade region, since the component proportional to so 
the cube of the voltage V suddenly increases with the 
increase of voltage V. Therefore, the voltage V to be 
applied to the soft magnetic layers 210, 21 1 is not nec- 
essary to be limited to the inside of the blockade region, 
and the change of the external field H can be measured ss 
at a high S/N ratio raised by about three figures. This 
magnetic sensor can also be used for the magnetic 
recording sensor head. 



[0047] While the above embodiments employ the soft 
magnetic layers 210. 21 1 for the first and second mag- 
netic layers, and the ferromagnetic particles 110 of a 
fen-omagnetic material for magnetic particles, it is possi- 
ble to employ first and second ferromagnetic layers of a 
fenromagnetic material for the first and second magnetic 
layers, and soft magnetic particles for the magnetic par- 
ticles. In this case, the soft magnetic particles follow the 
external field, and the first and second ferromagnetic 
layers have fixed magnetization to the crystal structure. 
In addition, while the above embodiments select the 
capacitance of the ferromagnetic particles 110 to be 
about 1 aF. the capacitance of the magnetic particles is 
selected to be 10 aF or below. 

[0048] In the tunneling magnetoresistive element of 
multi-tunneling-junction according to the invention, the 
Coulomb blockade effect can be attained at room tem- 
perature, and thus if a voltage within the blockade 
region is applied at room temperature, the tunnel resist- 
ance can be detected by observing the tunnel current 
due to the co-tunneling effect. Thus, the tunneling mag- 
netoresistive element can operate at room temperature. 
[0049] Moreover, the first and second tunnel ban^ier 
layers and magnetic particles can be easily formed by 
simultaneous sputtering of a dielectric material and a 
magnetic material as targets and heating the composite 
- film deposited by the sputtering. 
[0050] In addition, by providing a plurality of magnetic 
particles, it is possible to reduce the resistance between 
the first and second magnetic layers. 
[0051 ] Also, the magnetic sensor and magnetic sen- 
sor head can be operated at room temperature by 
applying a bias voltage within the blockade region of 
multi-tunneling-junction. 

[0052] In addition, the change of the tunnel cunent 
due to the magnetic field can be detected at a high S/N 
ratio when the magnetic sensor or magnetic recording 
sensor head has an AG voltage source provided for 
applying an AC voltage between the first and second 
magnetic layers, and a high-pass filter provided for tak- 
ing out only the harmonic signal component containing 
frequencies of the second harmonic or above of the cur- 
rent response to the AC voltage. 

Claims 

1. A tunneling magnetoresistive element having a first 
magnetic layer (210) of a soft magnetic material 
formed on a flat substrate (11). first and second tun- 
nel barrier layers (310. 311, 125) formed on said 
first magnetic layer, a magnetic particle (110, 120) 
of a ferromagnetic material provided between the 
first and second tunnel barrier layers, and a second 
magnetic layer (211) of a soft magnetic material 
formed on said second tunnel barrier layer so as to 
create tunneling junctions. 

2. A tunneling magnetoresistive element having a first 
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magnetic layer (210) of a ferromagnetic material 
formed on a flat substrate (1 1). first and second tun- 
nel ban-ler layers (310, 311, 125) formed on said 
first magnetic layer, a magnetic particle (110, 120) 
of a soft magnetic material provided between the 
first and second tunnel barrier layers, and a second 
magnetic layer (211) of a ferromagnetic material 
formed on said second tunnel barrier layer so as to 
create tunneling junctions. 

3. A tunneling magnetoreslstrve element according to 
claim 1 or 2, wherein the capacitance of said mag- 
netic particle is selected to be 10 aF or below. 

4. A tunneling magnetoresistive element according to is 
any of claims 1 to 3, wherein said magnetic particle 

is made a colloidal particle. 

5. A tunneling magnetoresistive element according to 
any of claims 1 to 4, wherein said first and second 20 
tunnel barrier layers and said magnetic particle are 
formed by simultaneously sputtering a dielectric 
material and a ferromagnetic material as targets to 
deposit a conrposite film and heating said compos- 
ite film. 25 

6. A tunneling magnetoresistive element according to 
any of claims 1 to 5. wherein said magnetic particle 
is formed of a plurality of magnetic particles. 



30 



7. A magnetic sensor using a tunneling magneto- 
resistive element according to any of claims 1 to 6. 

8. A magnetic sensor according to claim 7, wherein 
the capacitance of said magnetic particles is 35 
selected to be 10 aF. 

9. A magnetic sensor according to claim 7 or 8. 
wherein a bias voltage within the blockade region of 
said tunnel junction is applied. 40 

10. A magnetic sensor according to any of claims 7 to 
9, wherein an AC voltage source (500) is provided 
to apply an AC voltage between said first and sec- 
ond magnetic layers, and a high-pass filter (520) is 45 
provided to take out only harmonic signal compo- 
nents having frequencies of second harmonic or 
above of the response of current to the AC voltage. 



50 



55 



8 



JNSDOCID: <EP 089B315A1 



• *l 

^ EP 0 898 315 A1 



FIG.1 




11 



JNSDOCID: <EP. 



.089831 5A1J_> 



EP0 898 315 A1 



FIG.3A 




FIG.3B 



210 




11 



INSDOCID: <EP 0898315A1. 1_> 



10 



EP 0 898 315 A1 



FIG.4A 




EP 0 898 315 A1 



FIG.6A 




FIG.6B 

311 




11 



12 

NSDOCID: <EP 0B9B31SA1 I > 



EP 0 898 315 A1 



FIG.8 



120 




210 



FIG.9A 



120 



125 



1 




o o o_o_o o o 

o o o o o o 
o o o o o o o 
p o_o o o o o_ 
o o o o o o o 

o o o o o o 
o o o o o o o 

o o o o o o 
o o o o o o o_ 
o o o o o o a 

n n r> o o o o 




210 



11 



FIG.9B 



120 



o o o o o o 



125 




{ 



13 



BNSDOCID: <EP_ 



.089B315A1J_> 



^4 

EP 0 898 315 A1 



FIG.10A 




11 



14 

BNSDOCID:<EP 0898315A1 I > 



EP 0 898 315 A1 



FIG. 11 



V(f) 




500 



V///////. 

\ 



210 




510 



FIG.12A 



300 




301 



FIG.12B 



200 300 



100 



301 201 




15 



089831 5A1 I > 



EP0 898 315 A1 




European Patent 
Office 



EUROPEAN SEARCH REPORT 



Apptlcatjon Number 

EP 98 11 5460 



Category 



DOCUMENTS CONSIDERED TO BE RELEVANT 



Citation of document with indication, where appropriate. 
of relevant passages 



SCHELP F ET AL: "SPIN-DEPENDENT TUNNELING 

BETWEEN FERROMAGNETIC METALS IN A NEW TYPE 

OF TUNNEL JUNCTION (ABSTRACT)" 

JOURNAL OF APPLIED PHYSICS, 

vol. 81, no. 8, PART 028, 15 April 1997, 

page 5508 XP000701273 

* the whole document * 



Relevant 
to claim 



1,2,5,6 



CLASSIFICATION OF THE 
APPLiCATION (lnt.Cl.6) 



H01L43/10 
HOlFlO/08 
G01R33/09 



TECHNICAL FIELDS 
SEARCHED (lnt.CI.6) 



HOIL 
HOIF 
GOIR 



The present search report has been drawn up for all claims 



Place ot search 

THE HAGUE 



Daie ol completion ot the search 

27 October 1998 



CATEGORY OF CITED DOCUMENTS 

X : particularly relevant if taken alone 

Y : particularly relevant H conrtbined with another 

docurrtent of the same category 
A : technological background 
O : non-written disclosure 
P : tntermediate document 



Examirter 

Decannlere, L 



T : theory or principle underlying the invention 
E : earlier patent document, but published on. or 

after the tiling date 
D document cited in the application 
L : document cited lor other reasons 

& : member ol the same patent f amity, corresponding 
document 



16 



089831 5A1 I > 



